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 ABSTRACT
 During their autumn migratory phase, thrush nightingales
 (Luscinia luscinia) previously starved for 2 d were allowed to
 refuel under three different ambient temperature conditions
 (-70, 70, and 220C). During the refueling period, as well as
 during the preceding control and starvation periods, food in-
 take, body mass, and feces production were monitored. In
 addition, daily energy expenditure was measured during the
 refueling period. The compilation of the energy balance during
 the refueling period revealed an energy density of the deposited
 tissue of 33.6 kJ g-1. Assuming that the deposited tissue consists
 of fat and protein exclusively, with energy densities of 39.6 and
 5.5 kJ g-1 wet mass, respectively, we estimated the deposited
 tissue to consist of 82% fat and 18% wet protein (6% dry
 protein and 12% water). Nitrogen balances during control,
 starvation, and refueling phases and during a period of pro-
 longed and complete starvation indicated that 5% of the nutri-
 ent stores consisted of dry protein. Our results support recent
 findings that nutrient stores for migration often contain pro-
 tein in addition to fat and consequently are 15%-25% less
 energy rich than pure fat stores. These proteins might be stored
 as muscle or other functional tissue and may be required to
 support the extra mass of the stores and/or reflect an incapacity
 of the metabolic machinery to catabolize fat exclusively. Fuel
 deposition rate was positively related with ambient tempera-
 ture, whereas food intake rate was unaffected by temperature.
 These results indicate that the rate of fuel deposition is limited
 by a ceiling in food intake rate; when this ceiling is reached,
 fuel deposition rate is negatively affected by daily energy expen-
 diture rate. To a certain extent, the ceiling in food intake rate
 varies depending on feeding conditions over the previous days.
 These variations in food intake capacity probably reflect the
 building and breakdown of gut tissues and/or gut enzyme sys-
 tems and might be insensible and not evolutionary adaptive.
 Significant energetic costs, however, are probably associated
 with the maintenance of gut tissues. It is therefore feasible that
 changes in digestive capacity are regulated and are directed at
 energy economization.
 Introduction
 Because of physiological constraints, animals cannot increase
 their energy intake rate above a certain maximum (Kirkwood
1983; Diamond et al. 1986; Lindstr6m and Kvist 1995). Accord-
 ingly, fuel deposition rate is also limited (Zwarts and Dirksen
 1990; Lindstrom 1991). A maximum fuel deposition rate can
 b caused either by limitations in the rate of absorption or by
 th  rate of anabolism of body stores. If digestive capacity limits
 fuel deposition rate, all energetic expenses will have a negative
 influence on the fuel deposition rate attained under ad lib.
 food conditions. If anabolic processes are limiting, the rate of
energy expenditure should not impact the rate of fuel deposi-
 tion. In the former case, a fuel-depositing animal intending to
 maximize fuel deposition rate, such as a migratory bird (Alers-
 tam and Lindstr6m 1990), should reduce its rate of energy
 expenditure as much as possible when food availability is high,
 whereas in the latter case it should not.
 Body stores of migratory birds were thought to consist al-
mo  entirely of fat (Connell et al. 1960; Odum et al. 1964,
 1965). Recently, evidence has accumulated that the synthesis
 of protein is involved during fuel deposition (e.g., McLandress
 and Raveling 1981; Klaassen et al. 1990; Lindstr6m and Piersma
1993; Kla ssen and Biebach 1994). One experiment with thrush
 nightingales, Luscinia luscinia, yielded an energy density esti-
 mate of the body stores of 33 kJ g-', indicating a fat content
 of 80% and protein and water contents of 6% and 14%, respec-
 tively (Klaassen and Biebach 1994). An alternative way to detect
 protein deposition would be to study the nitrogen balance of
 fueling birds, but such data are lacking.
 We conducted two experiments in which we investigated
 the rate of fuel deposition and the composition of nutrient
 * Present address: Netherlands Institute of Ecology, Center for Limnology, Rijk-
 sstraatweg 6, NL-3631 AC Nieuwersluis, The Netherlands.
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 and energy storage in the thrush nightingale. The thrush night-
 ingale is a long-distance migrant that breeds in northeastern
 Europe between latitudes of 450 and 650 N and winters in East
 Africa, largely south of the equator. It puts on large body stores;
 we have recorded body masses 150% in excess of the summer
 masses during the autumn migratory period. Our experiments
 support the notion that a portion of the storage in migratory
 birds is protein. In addition, we provide evidence that food
 intake capacity limits fuel deposition rate; during periods of
 hyperphagia, induced variations in the rate of energy expendi-
 ture had a negative effect on body mass gain, while food intake
 rate remained unaffected.
 Material and Methods
 Experimental Designs
 In experiment 1 we offered food ad lib. at three different tem-
 perature conditions to thrush nightingales that had previously
 received a submaintenance amount of food. The effect of these
 different temperature conditions on the energy expenditure
 rate, food intake rate, and body mass was observed. If food
 intake capacity limits fat deposition rate, we expected these
 temperature-induced changes in the rate of energy expenditure
 to have a negative effect on the rate of fuel deposition. Six
 thrush nightingales went through three successive experimental
 runs, each consisting of a control (3-4 d), a starvation (2 d),
 and a refueling (3 d) phase (Fig. 1). Control and starvation
 phases were always conducted at 220C and refueling at -7',
 70, or 220C (standard deviation [SD] < 10C). For each individ-
 ual, these three temperatures were implemented randomly over
 the three successive refueling periods. During control and refu-
 eling phases, birds were provided food (mealworms) ad lib.;
 during the starvation phase they received only 1.5 g of meal-
 worms daily. During the whole experiment, food intake rate,
 feces production rate, body mass, and activity were monitored
 over daily intervals. In addition, daily energy expenditure rate
 (DEE) was measured during the refueling phase.
 The difference between energy intake and energy expendi-
 ture measured during the refueling phase in experiment 1 is
 the energy deposited in, or extracted from, body stores. It is
 assumed that a bird does not replace one type of tissue for
 another but only adds or removes tissues. Accordingly, esti-
 mated energy density of body stores yields information on their
 composition; protein has a much lower energy density than
 fat. An alternative method to assess the composition of the
 stores is to monitor the nitrogen balance. The difference in the
 amounts of ingested and excreted nitrogen allows calculation of
 the amount of protein deposited or catabolized. Excreta gath-
 ered during the 22oC refueling experiments and the 4 preceding
 days (2 control and 2 starvation days) was analyzed for its
 nitrogen content. In addition, in a second experiment, the
 proportion of protein in the stores of four thrush nightingales
 was assessed by analyzing nitrogen excretion during 3-6-d
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 Figure 1. Experimental protocol and measurements plotted against
 day number (relative to January 1, 1994) for one of the six experi-
 mental birds over the duration of experiment 1. The three different
 experimental phases are indicated at the top.
 periods of complete starvation at 220C. To make sure that
birds were catabolizing stores and not tissue necessary for a
functionally normal life, this starvation experiment was ended
 for birds when their subcutaneous fat stores were still visible.
Body mass was in all cases greater than 23 g at the end of the
 rial. We estimate lean mass to be approximately 22 g.
 Birds and Housing
 First-year thrush nightingales, as determined by plumage char-
 acteristics (Svensson 1984), were caught near Revinge (55022'
 N, 12027' E) and Ottenby (56012' N, 16024' E), southern Swe-
 den, in July and August 1994. Subsequently, they were trans-
 ferred to the Ecology Building of Lund University, where they
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 were kept in captivity with food available ad lib. and a constant
 air temperature of 220C (SD = IlC). Birds were held in chang-
 ing photoperiodic conditions simulating those of Lund until
 October 7. From then on, photoperiodic conditions were kept
 constant at 12L : 12D with lights on at 0800 hours. The food
 was a mixture of hard-boiled eggs (shells included), cereal,
 curds, dried insects, and meat supplemented with mealworms.
 Soon after capture the birds started to increase their body
 mass in preparation for autumnal migration. Experiments were
 conducted between September 26 and December 23, 1994.
 During experiments birds were individually housed in 30 X 16
 X 19 cm wire mesh cages that were placed on a tray that
 allowed droppings to be collected. Water was provided from
 a heatable drinking tube and food from a tray that was auto-
 matically closed at lights-out. One of two perches was attached
 to a microswitch for activity registration. Microswitch signals
 were automatically recorded over 2-min intervals. During the
 experiments birds were provided exclusively with mealworms.
 Birds were weighed every morning at 0800, marking the end
 of an experimental day and the start of the next. Proportions
 of time spent active, food intake rate, feces production rate,
 and mass change were measured on a daily basis. Prior to
 experiments, birds were accommodated to the experimental
 circumstances for at least 4 d.
 Food Intake and Feces Production
 Daily food intake rate (g d-1) was calculated by weighing the
 food tray at the beginning and end of the experimental day. After
 each experimental day, droppings were collected and dried at
 700C to constant mass to obtain the feces production rate (g d-1).
 The energy densities of six food intake samples and 48 randomly
 selected feces samples were measured in an IKA C7000 bomb
 calorimeter after being oven dried at 70'C to constant mass. Gross
 energy intake rate was obtained by multiplying daily food intake
 rate by the wet mass energy content of the food, which was
 estimated to be 11.97 kJ g-' (SD = 0.22). Assimilation efficiency
 was obtained by dividing the metabolizable energy intake rate
 (ME, kJ d-'; gross energy intake rate minus the energy equivalent
 of daily excreta production) by the gross energy intake rate. All
 feces gathered over an uninterrupted 5-d period in experiment 1
 (covering the last day of the control phase, the 2 starvation days,
 and the first 2 d of the 220C refueling phase) and all feces gathered
 in experiment 2 were analyzed for nitrogen content by Kjeldahl's
 method. The nitrogen content of mealworms was estimated to
 be 32.1 mg N g-' fresh weight (SD = 2.6, n = 6). Nitrogen
 content was transformed to protein content with a conversion
 factor of 6.25.
 Energy Expenditure
 In experiment 1, the experimental cage was transformed into
 a metabolic chamber by covering it with a 15-L plastic box. Air
 was drawn from this chamber at a flow rate of approximately 20
 L h-' (measured with rotameters [accuracy + 0.1 L h-'] cor-
 rected to standard temperature and pressure), dried over silica
 gel, and subsequently analyzed for 02 content (Servomex
 1100A paramagnetic 02 analyzer; accuracy, 0.01% 02). Trials
 were run on two birds simultaneously. From each cage, 02
 concentration in the effluent air was measured for 23 min h-1.
 During the remaining 14 min, reference air (i.e., fresh air from
 outside) was analyzed for its 02 content. 02 consumption (o02,
 L h-') was calculated as follows:
 (FIo2 - FEO2)
 1 - FIo2(1 - RQ)
 where VE is the flow rate, FEO2 is the 02 concentration in
 effluent air, FIo2 is the 02 concentration in the reference air,
 and RQ is the respiratory quotient. In this calculation an RQ
 of 0.72 was assumed (i.e., assuming catabolism of fat [RQ
 = 0.71] and protein [RQ = 0.74], the major components of
 body stores and food, exclusively; each 0.01 unit of deviation
 in the assumed value of RQ typically leads to an estimation
 error in 902 of only 0.2%). 9o2 was converted to DEE (kJ
 d-1) with a conversion factor of 20 kJ L-U' 02.
 Data Analysis
 Two birds did not deposit fuel during one and two of the
 refueling phases, respectively, leading to missing cases. In addi-
 tion, data on activity and DEE were lacking for some of the
 experimental days because of computer failure. In repeated-
 measures ANOVA, the most appropriate statistical analysis for
 most measurements in experiment 1, birds for which one or
 more measurements are missing must be omitted from the
 analysis. As this would lead to a major loss of data in various
 cases, we chose to analyze the data with ordinary ANOVA,
 controlling for the individual birds in the experiments (i.e.,
 with the individual as a factor in the analysis). In the case of
 two-way ANOVAs, this procedure yields results identical to
 those of a repeated-measures ANOVA (Sokal and Rohlf 1995).
 However, the results of ANOVAs involving additional factors
 and covariates should be considered with more reservation, as
 the assumption of independence of data points is violated.
 Therefore, we used a significance level of 5% in the repeated-
 measures and two-way ANOVAs in which all assumptions were
 met and a 1% significance level in all other cases. It should be
 noted that parameter estimates (e.g., means and regression
 coefficients), but not necessarily their confidence limits, remain
 unaffected by the violation of this statistical assumption. All
 statistical analyses (least square multiple regression, ANOVA,
 repeated-measures ANOVA) were conducted with SPSS/PC+,
 version 3.0. Two-tailed tests were used in all cases.
 Results
 Fuel Deposition Rate
 Body mass of the birds in experiment 1 ranged from 24.5 to
 45.6 g (mean = 35.6 g). During the refueling period, DEE was
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 Figure 2. Average (+ SD) DEE, activity, food intake rate, and mass
 gain at -70, 7, and 22'C during each of the 3 refueling days.
 Sample sizes are indicated. Statistics for DEE are as follows: effect
 of bird, F5, 32 = 10.72, P < 0.001; effect of day of refueling, F2, 32
 = 4.45, P = 0.020; effect of temperature, F2,32 = 21.66, P < 0.001;
 for activity: effect of bird, F4, 23 = 3.26, P = 0.029; effect of day
 of refueling, F2, 23 = 1.01, P = 0.379; effect of temperature, F2, 23
 = 0.89, P = 0.426; for food intake rate: effect of bird, F5, 35
 = 3.08, P = 0.027; effect of day of refueling, F2, 35 = 8.08, P
 < 0.001; effect of temperature, F2, 35 = 9.78, P = 0.152; and for
 mass change: effect of bird, F5, 35 = 1.85, P = 0.129; effect of day
 of refueling, F2, 35 = 2.91, P = 0.068; effect of temperature, F2, 35
 = 7.71, P < 0.002.
 clearly lower at 22'C than at 70 or -70C (Fig. 2). Food intake
 rate was unaffected by temperature but clearly increased over
 the period of refueling. The stable food intake rate and decreas-
 ing DEE with temperature resulted in a positive relation be-
 tween mass gain and temperature (Fig. 2). These findings sup-
 port the hypothesis that food intake capacity limits fuel
 deposition rate. The only way to increase fuel deposition rate
 when food is available ad lib. is by decreasing DEE (Fig. 3).
 Feces production rate showed a perfectly linear relation with
 food intake rate, which explains 97.6% of the variation (Fig.
 4). This relation does not go through the origin but has a
 positive intercept. This is expected and is explained by endoge-
 nous urinary and metabolic fecal losses when the food intake
 rate is below maintenance levels. Also, significant effects of
 temperature condition and phase on feces production rate were
 discerned, as was a clear memory effect of the food intake rate
 of the 2 preceding days (see Fig. 4). However, at most, only
 6% of the already small residual variation after accounting for
 daily food intake rate was explained. Energy density of the
 feces increased with gross energy intake rate (energy density
 [kJ g-1 dry weight] = 13.56 + 0.93 gross energy intake rate
 [kJ d-']; r2 = 0.449, P < 0.001, n = 48), probably as a result
 of a decreasing proportion of uric acid in the feces with increas-
 ing food intake rate. Despite these significant effects of various
 factors on digestibility parameters, the assimilation efficiency
 of mealworms was found to be remarkably constant at 83.7%;
 gross energy intake rate explains 99.98% of the variation in
 ME (Fig. 5). It is therefore justified to calculate ME from
 gross energy intake rate with this average assimilation efficiency
 under all experimental circumstances.
 Composition of Body Stores
 In experiment 2, body mass ranged from 31.7 to 42.4 g (mean
 = 37.4 g) at the start and from 23.9 to 29.3 g (mean = 26.7)
 at the end of the 3-6-d starvation period. Protein loss as
 calculated from nitrogen balance was high at first, reaching a
 stable level of 60 mg d-1 after 3-4 d of starvation (Fig. 6A).
 However, protein content of the catabolized tissue was rather
 constant (with one outlier), which indicates no specific protein
 sparing during the course of the fast (Fig. 6B). In experiment
 150 -
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 mass change, g d-1
Figure 3. DEE plotted against daily mass change for all experimen-
 tal birds, showing fuel deposition during refueling. Data for the
 three experimental temperatures (circles, -70; squares, 70; and
riangles, 220C) are co bined. The least square linear regression
 line is drawn, and statistics are as follows: r2 = 0.424, n = 42;
 ANOVA: effect of mass change, F1, 31 = 83.371, P < 0.001; effect
of bird, F5, 31 = 9.204, P < 0.001; effect of temperature, F2, 31
 = 12.729, P < 0.001; and effect of day of refueling, F2,31 = 2.114,
 P = 0.138.
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 Figure 4. Feces production rate (day t) against food intake rate
 for all six birds and all control, starvation, and refueling phases
 combined. The least square linear regression line is drawn, and
 statistics are as follows: r2 = 0.976, n = 179; ANOVA: effect of
 food intake rate, F1, 147 = 5,337.97, P < 0.001; effect of food intake
 rate on day t - 1, F1, 147 = 11.83, P < 0.001; effect of food intake
 rate on day t - 2, F1, 147 = 10.33, P < 0.01; effect of bird, F5, 147
 = 2.28, P < 0.05; effect of temperature, F2, 147 = 4.80, P < 0.01;
 and effect of phase, F2, 147 = 7.48, P < 0.001.
 1, protein balance was positive during the control and refueling
 phases and negative during starvation (Fig. 7A). It was not
 zero during the control phase because of an increase in body
 mass during this period. The findings of experiments 1 and 2
 indicate that protein is a component of the nutrient stores.
 However, the proportion of protein in the stored tissue is
 apparently lower during starvation than during the control and
 refueling phases (Fig. 7B).
 150
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 Figure 5. ME plotted against gross energy intake rate. The least
 square linear regression line through the origin is drawn, and the
 statistics are as follows: r2 = 0.9998, n = 48; ANOVA: effect of
 gross energy intake rate, F1, 31 = 81,023.78, P < 0.001; effect of
 previous day gross energy intake rate, F1, 31 = 6.20, P = 0.018;
 effect of bird, F5, 31 = 1.88, P = 0.126; and effect of temperature,
 F2, 31 = 5.52, P < 0.01.
 Plotting the difference between ME and DEE against change
 in body mass during the refueling period results in an estimate
 of the energy density of the stored tissue after calculating the
 reduced major axis through the origin (Fig. 8B). For the six
 birds in the experiment, the average energy density of the
 stored tissue was thus estimated to be 33.6 kJ g-'. Assuming
 the experimental birds to be in water balance (with a water
 content of 70% for the lean tissue), with glycogen stores pro-
 viding little energy and stored tissue consisting of fat and pro-
 tein exclusively (energy densities of 39.6 and 5.5 kJ g-' wet
 mass, respectively), we calculated the fat content of the body
 stores to be 82%. Of the remaining 18% (wet) protein, 12%
 was water and 6% was dry protein. This value for dry protein
 fits well with the estimate of 5% dry protein in the stored
 tissue during starvation calculated from the nitrogen balance
 of starving birds (Fig. 8A; Table 1).
 Discussion
 Composition of Body Stores
 We present nitrogen balance and energy balance data that
 suggest a 5%-6% dry protein content of the body stores (Table
 1). However, the variation in the data points in Figure 8B,
 from which the estimate of 6% protein is derived, is large. This
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 Figure 6. Protein balance in four thrush nightingales during com-
plete starvation for 3-6 d. A, Milligrams of dry protein lost per
 day; B, dry protein content of the catabolized body stores.
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 is in line with the large variation found in protein balance
 during mass increase (Fig. 8A). Less variation may be expected
 when birds are starved. Klaassen and Biebach (1994) measured
 DEE in starving thrush nightingales (data are presented in Fig.
 8C). As expected, variation in these data points is much smaller.
 The energy density of the stored tissue in these starving thrush
 nightingales was estimated to be 29.7 kJ g-1. Body store compo-
 sition in these birds was 71% fat, 9% dry protein, and 20%
 water (Table 1).
 At the early stages of storage deposition, the nitrogen balance
 study indicates a more variable proportion of protein stored,
 with a tendency to be higher than the proportion of protein
 in catabolized stores during starvation. This resembles findings
 in rats Rattus norvegicus in which fat and protein are lost at a
 constant ratio during starvation, yet when refed, the protein
 losses are replenished sooner than the fat losses (Cherel and
 Le Maho 1991). During the vernal migratory period, early fuel
 deposits contain more protein compared with later deposits in
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 Figure 7. Protein balance in six thrush nightingales over a period
 of 6 consecutive days: the last 2 d of the control phase, 2 d of
 starvation (i.e., food intake rate limited to 1.5 g mealworms per
 day), and the first 2 d of refueling. A, Grams of dry protein per
 day. Results of repeated-measures ANOVA: effect of day, F5, 25
 = 90.73, P < 0.001; letters denote means that were not signifi-
 cantly distinguishable by an unplanned multiple comparison (So-
 kal and Rohlf 1995); B, estimates of dry protein content of the
 catabolized/anabolized body stores. Results of repeated-measures
 ANOVA: effect of day, F5, 25 = 5.43, P < 0.003. There were no
 significant differences between any of the three treatments (un-
 planned multiple comparison; Sokal and Rohlf 1995).
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 Figure 8. Protein balance (A) and tissue energy balance (ME
 - DEE) (B) for birds in this study and tissue energy balance for
 starving thrush nightingales at -100C (closed circles) and 200C
 (open circles; Klaassen and Biebach 1994) (C) as a function of
 daily body mass change. The line denotes reduced major axes,
 forced through the origin, from which tissue composition was
 calculated (see text and Table 1; in A, reduced major axis is drawn
 only for birds that lost body mass).
 Canada geese Branta canadensis (McLandress and Raveling
 1981) and knots Calidris canutus (Klaassen et al. 1990). An
 asymmetry in protein content of stored tissue between early
and late refueling was not found in the barn owl Tyto alba
 (Handrich et al. 1993). In the case of the thrush nightingale
 and other migratory birds, study of the replenishment of body
 stores for longer than the 3 d employed in our study is needed.
 This might give more insight into the possible existence of an
 asymmetry in protein content of stored tissue during early and
 late refueling after starvation.
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 Table 1: Summary of composition estimates of body stores in thrush nightingale
 Fat Protein
 Method Phase Source (%) (%)
 Nitrogen balance ........... Starving Experiments 1 and 2 . . . 5
 Energy balance .............. Storing Experiment 1 82 6
 Energy balance ........... Starving Klaassen and Biebach 1994 71 9
 Body stores of migratory birds were earlier thought to con-
 sist almost entirely of fat (Connell et al. 1960; Odum et al.
 1964, 1965), but evidence is accumulating that stores of protein
 are often present. Studies on the composition of body stores
 for migration using carcass analyses may provide insight into
 the nature of these tissues. After having noted that many of
 these studies were flawed because of methodological inconsis-
 tencies, Lindstrim and Piersma (1993) reevaluated available
 data and found strong indications that birds generally, but not
 always, deposit protein before takeoff. Our energy and protein
 balance studies on thrush nightingales, yielding a fat content
 of 71%-82% (Table 1), do not suffer from the methodological
 problems outlined by Lindstr6m and Piersma (1993) for car-
 cass analysis data. Using the energy balance method, Klaassen
 and Biebach (1994) estimated that the nutrient stores of the
 garden warbler Sylvia borin contain 73% fat in autumn. With
 a comparable method, Klaassen et al. (1990) showed that the
 body stores of knots contain 81% fat (recalculated from origi-
 nal data with reduced major axis analysis) in an advanced state
 of premigratory body mass gain. Recalculating data for the bar-
 tailed godwit Limosa lapponica (Piersma and Jukema 1990),
 Lindstrom and Piersma (1993) estimated that migratory mass
 increases consist of 35% nonfat components (probably wet
 protein). More support for the idea that body stores contain
 protein comes from nitrogen balance studies conducted during
 prolonged fasting in fat animals. These studies revealed that
 4%-10% of total energy expenditure during starvation origi-
 nates from protein catabolism (Lindgard et al. [1992] and stud-
 ies cited therein), which means that the fat content of catabo-
 lized body stores ranges from 62% to 81%. Although these
 protein balance studies were all conducted on nonmigratory
 species, the results fall in the same range as those we found
 for the migratory thrush nightingale (Table 1). Jenni-Eiermann
 and Jenni (1991) found elevated levels of uric acid in the blood
 of actively migrating passerines at a high mountain pass in
 the Swiss Alps. This shows that protein catabolism is not a
 phenomenon exclusively for starving animals; it also applies
 to actively migrating birds.
 From a strictly energetic viewpoint, stores ought to contain
 fat exclusively. Why and in what form is protein stored? In
 relation to the accumulation of body fat for migration, in-
 creases in muscle size have been reported (Kendall et al. 1973;
 McLandress and Raveling 1981; Marsh 1984). These increases
 in flight muscle mass for migration are generally thought to
 be necessary to carry the extra weight of body reserves (Pen-
 nycuick 1975; Marsh and Storer 1981). It is also possible that
 he proteins ar  stored in active tissue other than muscle to
 support the higher metabolic demands of a bird with a high
 fuel load. Al ernatively, it may be impossible for an animal to
 function normally without some protein use or turnover.
 Fuel Deposition Rate
 I  several studies, researchers have been able to raise the energy
 i take rates in birds by exposure to cold (Karasov 1990). In
 our study the thrush nightingales feeding at -7'C did not
 increase ene gy intake rates above thermoneutral levels. This
 strongly indic tes that birds at thermoneutrality already ingest
 at maximum rates (Lindstr6m and Kvist 1995). We conclude
 that the ceiling to fuel deposition rate is imposed by the ability
 to digest food and not by the rate of transforming nutrients
 to stores.
 Digestive bottlenecks may become ecologically important
 when birds are involved in extremely high energy expenditures,
 as in hummingbirds (e.g., Diamond et al. 1986), high growth
 or fuel dep sition rates (e.g., Diamond and Obst 1990; this
 study), or feeding on foods where a great deal of indigestible
 ballast is consumed with the metabolizable food (Kenward and
 Sibly 1977; Zwarts and Dirksen 1990). Nevertheless, evidence
 for digestive bottlenecks in birds under natural conditions re-
 mains rare, partly because food may rarely be available ad lib.
under natural conditions and partly because birds may be able
 to adjust their digestive capacity. For thrush nightingales in
 this study, food intak  rate progressively increased during the
 c urse of the efueling period (Fig. 3). Comparable limited
changes in digestive capacity have been shown in various stud-
ies in relation to both food quantity (Ankney 1977; Diamond
 and Obst 1990; Dykstra and Karasov 1992; Hammond et al.
 1994; Kla ssen and Biebach 1994; Secor et al. 1994) and quality
 (e.g., Karasov and Diamond 1988; Levey and Karasov 1989).
 Submaximal digestiv  capacity can be either a regulated pro-
 cess, as shown in the rattlesnake Crotalus cerastes (Secor et al.
 1994) or a result of insensible loss of capacity during periods
of starvation. In the former case we would expect the capacity
 f digestion to incur a high maintenance cost in terms of
 energy or (sc rce) nutrient turnover. In vitro, energy metabo-
 lism of tissues from the gut is indeed among the highest of all
 body tissues (Field et al. 1939; Davies 1961; Itazawa and Oikawa
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 1986). Moreover, low basal metabolic rates were associated
 with low digestive capacity in garden warblers (Klaassen and
 Biebach 1994). Also, positive relations between plane of nutri-
 tion and basal metabolism have been found in mammals
 (Koong et al. 1983) and reptiles (Secor et al. 1994). The ten-
 dency for DEE to increase during refueling in the thrush night-
 ingale (Fig. 2) may reflect increased heat increment of feeding
 but may also reflect higher maintenance costs associated with
 the increasing digestive capacity. Thus, flexible digestive capac-
 ity could indeed play a role in the economization of en-
 ergy use.
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